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ABSTRACT  As  previously  reported,  ultraviolet-inactivated  bacterial  trans- 
forming DNA can be restored to activity by an enzyme-like agent from bakers' 
yeast which requires light for its activity. Kinetics of this reaction, in the presence 
and  absence  of inhibitors,  are  found  consistent  with  the  Michaelis-Menten 
reaction  scheme, with the sites  of ultraviolet  damage  on  the  DNA serving  as 
substrate and the repaired  structure as product. Kinetic  studies with  different 
light intensities suggest that the necessary illumination  causes photolysis of the 
enzyme-substrate  complex  with  concurrent  repair  of the  DNA.  Competitive 
inhibition of irradiated transforming DNA repair, which occurs when irradiated 
non-transforming  DNA is present in the same reaction mixture,  permits ultra- 
violet damage  (of the kind capable of being photoreactivated)  to be detected in 
any type of DNA. 
INTRODUCTION 
Bacterial-transforming  DNA in  its  native  state  conveys genetic  traits  of the 
cells from which it was extracted into  suitably prepared  receptor ceils of the 
same  species  (1,  2).  This  material  is  progressively  inactivated,  both  extra- 
cellularly  (3,  4),  and  intracellularly  (5),  by  short  wavelength  uitraviolet 
radiation.  Following  such  inactivation,  much  of  the  lost  activity  can  be 
restored  by illuminating  in  vitro  with enzyme-like  agents from Escherichia  coli 
B  or  bakers'  yeast  (6,  7).  The  latter  process--photoreactivation  or  PR--is 
probably involved in the analogous photoreactivation of ultraviolet-irradiated 
intact cells (8-11). 
The loss of transforming  activity in irradiated  DNA is reasonably ascribed 
to  the  presence  of  "ultraviolet  lesions,"  or  localized  regions  in  which  the 
molecular  structure  has  been  photochemically  altered  to  the  detriment  of 
normal  function.  Similarly,  photoreactivation  is  reasonably  conceived  as  a 
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repair of these lesions by a  photoreactivating  enzyme (7).  In its simplest form 
this  repair  can  be pictured  in  terms  of the  conventional  Michaelis-Menten 
reaction scheme (12) : 
E+S  k~  ES  k3,E+p 
k -U 
with E  representing the enzyme, S the substrate  (ultraviolet lesions in DNA), 
ES an enzyme-substrate complex, P  the product  (a repaired DNA structure), 
and  kl,  ks,  and  k,  the  indicated  rate  constants.  Since  recovery reaches  less 
than  100 per cent of the original  activity, one must assume that only part of 
the  ultraviolet lesions  (referred  to  as "photoreactivable"  or  PR lesions)  can 
serve as substrate for this enzyme. 
These  assumptions  have had  no independent  experimental  support in  the 
past, the appearance and disappearance of ultraviolet lesions being evidenced 
only by the loss and recovery of transforming activity.  It is obvious, however, 
that  the entire phenomenon  would gain usefulness as a  tool for investigating 
biologically  significant  ultraviolet  damage  if  its  basic  mechanism  were 
established.  The  present  paper  is  concerned  with  this  problem  from  the 
standpoint  of enzyme kinetics.  We shall  show that  competitive inhibition  of 
photorecovery is produced and  eliminated  under the conditions expected for 
the Michaelis-Menten  reaction scheme, and that the dependence of recovery 
rate on substrate concentration,  both with and  without inhibitors,  is quanti- 
tatively  consistent  with  this  formulation.  This  evidence  is  amplified  in  a 
companion  paper  showing  the  existence  of  an  enzyme-substrate  complex. 
These  two  lines  of  evidence  give  a  reasonable  experimental  basis  for  the 
postulated mechanism. 
MATERIALS  AND  METHODS 
The techniques of ultraviolet inactivation of Hemophilus influenzae transforming DNA, 
its photoreactivation, and the assay of its biological activity by bacterial transforma- 
tion are essentially those described in previous reports (6, 7). Except where otherwise 
noted in the data,  DNA carrying the streptomycin resistance marker was employed 
(Sr DNA), and ultraviolet irradiation sufficient  to reduce its transforming activity to 
1 per cent of the initial level (3500 ergs/mm  2 incident 254 mg radiation) was carried 
out at room temperature in 0.15 ~ NaC1 by means of a 15 watt germicidal lamp. This 
material  (UV Sr DNA) was mixed with appropriate  concentrations  of yeast-photo- 
reactivating  enzyme  (YPRE)  in  buffered reaction mixtures  at  pH 6.8,  sampled at 
intervals  during  illumination  at  36-37°C,  and  the  samples  tested for  transforming 
activity. Except when otherwise noted,  samples were diluted to give 5.5  X  10  --4 3' 
UV Sr DNA/ml  in contact with the competent H. influenzae ceils during  assay.  At 
this concentration the number of transformants is proportional  to the concentration 
of transforming  DNA. "Non-transforming"  or "unmarked"  DNA was isolated from RUPERT  Kinetics  of Photoenzymatic Repair of DNA  7o5 
H.  influenzae cells lacking the streptomycin resistance character and irradiated at the 
same ultraviolet dose as transforming DNA. Any exceptions are noted. 
The cathomyein (novobiocin) resistance marker (C25) employed in this paper is a 
high  level  (25  7/ml)  marker  of high  ultraviolet sensitivity isolated  by Miss  Mary 
Jane Voll in this laboratory, which differs from the low level (2.5 ,y/ml) marker of 
low ultraviolet sensitivity used in previous work (3). After an ultraviolet dose of 3500 
ergs/mm  ~ this material  (UV C25 DNA)  has a  transforming activity of 0.3  per cent 
of the unirradiated value. 
Operations  indicated  as  carried  out  "dark"  were  performed under  dim  yellow 
illumination  from  "insect-repellent"  bulbs.  This  is  found  ineffective in  producing 
photoreactivation. 
The  YPRE  preparations,  used  interchangeably,  include  crude  yeast  extract 
prepared as described previously (7) (referred to below as "crude YPRE"), a fraction 
precipitating from crude YPRE between 45 and 55 per cent saturation of ammonium 
sulfate (AS YPRE), and a  fraction adsorbed from crude extract onto coarse calcium 
phosphate  gel  (13)  and  eluted  by ammonium  sulfate concentrations  between 0.30 
M and 0.35 M or phosphate concentrations between 0.12 M and 0.17 M (CaP YPRE). 
CaP  YPRE  is  about forty times  purified  over dialyzed  crude  extract in  terms  of 
specific activity per  unit  protein  content,  but  contains  considerable  RNA  (,~300 
"y/rag protein). The AS YPRE is about five times purified in terms of protein, but 
is relatively free of nucleic acid (<  20 ~//mg protein). The addition of yeast RNA to 
reaction mixtures has no visible effect on photoreactivation, so that this difference is 
probably unimportant. CaP YPRE is least stable, maintaining activity a week or two 
at  --20°C while AS YPRE in the form of a moist filter cake is most stable, storing at 
least 18 months at --20°C without appreciable deterioration. Enzyme concentrations 
are expressed below in terms of protein concentrations of the corresponding prepara- 
tion,  as  determined  by  Lowry's  procedure  (14),  using  a  bovine  serum  albumin 
standard. 
Relative time rates of photorecovery are described for reaction mixtures in which 
the transforming DNA has received the same ultraviolet dose (and which, therefore, 
start out with the same transforming activity), by giving the reciprocals of the relative 
times required to reach some arbitrarily chosen level of recovery. These relative rates 
are  independent  of the  particular  recovery level  employed for the  comparison  so 
that the recovery curves form a family in which the transforming activity T  =  F(rt) 
(t, being the illumination time, r, a relative recovery rate, and F, a function dependent 
only on the ultraviolet dose) (7). Therefore, plots of the transforming activity (or the 
logarithm of the transforming activity) vs.  the logarithm of the illumination time are 
parallel curves which  can be superimposed  over their entire lengths  by translation 
along  the logarithmic  time  axis.  When  one  curve is  arbitrarily selected as  having 
r  =  I, the distance by which any other curve must be translated in order to coincide 
with it gives the logarithm of the relative photoreactivation rate r.  Such a  relative 
recovery rate is, of course, dimensionless. Its interpretation is considered later in the 
body of the paper and in the Appendix. 
It should be emphasized that the initial lag in recovery, which is evident in the 
curves of Figs.  1 to 3, does not affect this rate determination. As pointed out earlier 
(7),  the  behavior of the  lag  is  consistent with  multiple  ultraviolet  damage  to  the 7o6  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  •  VOLUME  45  "  I962 
DNA units responsible for bacterial transformation--requiring multiple repair before 
activity reappears--rather than with any delay in the start of the repair process.  It 
is therefore associated  with the response  of the DNA activity to repair, rather than 
with the functioning of the repair mechanism itself. 
EXPERIMENTAL  RESULTS 
Competitive  Inhibition of Photoreactivation  in DNA 
An  enzymatic reaction  involving labeled  substrate  which  depends  on  this 
label for its assay should be competitively inhibited by unlabeled substrate. 
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FIGURE  1.  Competitive  inhibition of photorecovery in irradiated  transforming DNA 
by irradiated  unmarked DNA. Transforming activity plotted  vs.  illumination time. 
Reaction mixtures contained 1 3,/ml UV Sr DNA, 1 3,/ml unmarked DNA, and  1.7 
mg/ml dialyzed crude YPRE. Curve A, unmarked DNA unirradiated; curve B (opea 
circles) unmarked DNA ultraviolet irradiated; curve B (crosses) same as for A, but with 
YPRE concentration reduced to 0.85 mg/ml. Samples diluted to 3.3  X 10  -2 3,/ml UV 
Sr DNA for assay. 
In the photoreactivation reaction we detect substrate (ultraviolet lesions) by 
observing  the  diminished  biological  activity  of  a  genetic  marker  "label" 
present  on  the  same  macromolecule.  Ultraviolet  lesions  on  DNA  lacking 
this  genetic marker label  are  not detected by this means,  being  effectively 
"unlabeled," but  they can still interact with the enzyme. We consequently 
expect competitive inhibition from such irradiated,  unmarked DNA. 
In the experiment shown in Fig.  1, DNA extracted from H.  influenzae  ceils 
lacking the streptomycin resistance marker was added to a  reaction mixture 
of UV Sr DNA and YPRE in an amount equal to the UV Sr DNA already 
present.  When the unmarked DNA had not been ultraviolet-irradiated, the 
photoreactivation followed curve A, corresponding to the normal rate without 
added DNA.  When the unmarked DNA received the same ultraviolet dose 
as the UV Sr DNA,  recovery followed curve B,  taking approximately twice 
as long to reach  any given level of recovery as  curve A  (15).  Curve B  also RUPERT  Kinetics  of Photoenzymatic Repair of DNA  707 
describes the recovery rate observed with unirradiated added DNA when the 
enzyme concentration has been cut in half. 
This amount of inhibition might be expected if the irradiated unmarked 
DNA  competes with  UV  Sr  DNA  on  a  roughly equal  basis  for  the yeast 
photoreactivating enzyme,  so  that  only  about  half the  enzyme activity is 
avaible for repair of the UV Sr DNA itself. 
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Fioum~  2.  Disappearance  of  competitive  inhibition  at  increased  concentration  of 
irradiated  transforming  DNA.  Transforming  activity  plotted  vs.  illumination  time. 
Curve A, reaction mixture containing 0.12 ~//ml UV Sr DNA, 0.43 ~//ml unirradiated 
unmarked DNA,  and  74 ~//ml A.S. YPRE.  Curve B,  same as A  but with ultraviolet 
irradiated unmarked DNA; curve C  (diagonal crosses), same as A  but with  1.7 -y/ml 
UV  Sr DNA in reaction mixture. Curve C  (vertical crosses), same as B, but with  1.7 
7/ml UV Sr DNA. All samples diluted to same concentration of UV Sr DNA for assay. 
At a  fixed concentration of enzyme and  inhibitor  (irradiated unmarked 
DNA) the inhibition is eliminated by increasing the substrate concentration 
(increasing the concentration of irradiated transforming DNA), as shown in 
Fig. 2.  Irradiated unmarked DNA, present at 0.43 ~/ml, inhibits recovery in 
reaction mixtures containing 0.12 ~,/rnl UV Sr DNA (compare curves A and 
B).  It has a  negligible effect (curve C)  in reaction mixtures containing  1.7 
3,/ml UV Sr DNA. This behavior meets the usual criterion for a competitive 
inhibition (12). 
Photoreversal of Competitive Inhibition 
The inhibitory power of unlabeled substrate should be destroyed by allowing 
the enzyme to act on it before testing for inhibition. Such a reappearance of 708  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  •  VOLUME  45  "  X962 
activity, after allowing a  preliminary action of the enzyme on the competing 
substrate, demonstrates that the enzyme has not been permanently "used up" 
in the competing reaction. 
This  effect  is  shown  for  the  photorecovery  reaction  by  illuminating  a 
mixture of YPRE  and  ultraviolet-irradiated H.  influenzae DNA  which  lacks 
the marker for streptomycin resistance  (Sr),  but  carries a  different marker 
(C25).  Samples of the mixture after various illumination times are tested for 
cathomycin  transforming  activity  and  progressive  repair  is  observed.  All- 
quots of these samples, which contain active enzyme, are then used to photo- 
reactivate UV Sr DNA.  It is found that the samples illuminated for a  longer 
period  (and therefore containing more completely repaired UV C25  DNA) 
give faster repair of UV Sr DNA, and that with sufficient preliminary repair 
the recovery rate becomes the same as that given by control mixtures carrying 
only unirradiated C25 DNA. 
Results  of an  actual  experiment  are  shown  in  Fig.  3.  Plot  A  gives  the 
cathomycin transforming  activity  in  samples  of the  initial  AS  YPRE-UV 
C25  DNA mixture, rising from 0.3  per  cent of the unirradiated activity to 
about  20  per  cent.  Plot B  shows  photoreactivation of UV  Sr  DNA  by the 
samples of this mixture extracted at times indicated by the arrows on plot A, 
the  symbols  used for data  points  in  each case corresponding to  those  ac- 
companying the  appropriate  arrow  in  plot  A.  Separate  experiments show 
that the transition from maximum to no inhibition is a  smoothly progressive 
function of time under the light.  Apparently a  rather  large part of the in- 
hibitory  power  must  be  removed  before  much  recovery  of  transforming 
activity occurs. 
The  maximally  repaired  cathomycin-transforming  DNA  still  contains 
ultraviolet  lesions  of some  description,  since  its  C25  transforming  activity 
has not returned to  100 per cent, but the YPRE evidently has no affinity for 
these non-reactivable lesions. 
These results are qualitatively consistent with the reaction scheme outlined 
in the Introduction. It must now be determined whether there is any quanti- 
tative correspondence with that mechanism. 
Theoretical Basis of Kinetic Analysis 
We are hindered in applying the usual methods of kinetic study to this reaction 
because  we  cannot  determine  the  substrate  concentration  in  chemically 
meaningful terms. Instead,  with the aid of a  very reasonable assumption, we 
compute  a  quantity  which  should  be proportional  to the reaction velocity, 
and  determine whether it  varies  in  a  manner consistent with conventional 
enzyme kinetics. 
For  an  enzymatic  reaction  following  Michaelis-Menten  kinetics  with  a 
-dS 
competitive inhibitor  present,  the reaction velocity, v  =  d---~  is given by 709 
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1  l[  Kmi]l  1  (1) 
v  -  v  K,,,+.~  ~+p 
Here S  is  the substrate  concentration, I  the inhibitor  concentration, K~  = 
(k~ -b k3)/kl,  (referring to the reaction scheme outlined in the Introduction), 
K~ is an analogous constant characterizing the enzyme-inhibitor interaction, 
and  V  (=  k8  X  enzyme concentration)  is  the  limiting  value  of v  when S 
becomes sufficiently large (12,  16). 
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F1oum~ 3.  Elimination of competitive inhibitory power in irradiated unmarked DNA 
by preliminary photoreactivation.  Plot A,  C25  transforming  activity vs.  illumination 
time. Reaction mixture contained 1.4 3'/rot UV C25 DNA and  295 "g/ml A.S. YPRE. 
Samples tested for C25 transforming activity at 1.6  X  l0  s 3'/ml UV  C25 DNA. Large 
samples collected at times indicated by arrows were incubated in the dark until the last 
sample had been collected, and subsequently used for the second part of the experiment. 
Symbols over the arrows refer to corresponding data on plot B. Plot B, log Sr transforming 
activity vs.  log illumination time. Reaction mixtures consisted of samples marked with 
arrows in plot A, each mixed with one-half volume I ~/ml UV Sr DNA. Curve I, sample 
extracted at 0  minutes on plot A; curve II, sample extracted at 5 minutes; curve  III 
(diagonal crosses), sample extracted at 10 minutes; curve III (vertical crosses), sample 
extracted  at  20  minutes;  curve  III  (triangles),  sample  of control mixture  similar to 
reaction mixture shown in plot A, but with unirradiated C25 DNA in place of UV C25 
DNA at the same concentration. 
We  assume  that  the  transforming  activity  of  ultraviolet-irradiated  or 
photoreactivated transforming DNA decreases in some definite manner with 
increasing numbers  of ultraviolet lesions  present per  unit  of DNA  without 
attempting  to  specify  the  quantitative  dependence  in  more  detail.  This 
implies two corollary assumptions:  (a) Any definite dose of ultraviolet gener- 
ates  an  equally definite number of PR lesions,  n,  per  unit of DNA,  so  that 
we may set S  =  nD, where D  is the concentration of irradiated transforming 7IO  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  '  VOLUME  45  "  I962 
DNA.  Similarly,  the inhibitor concentration I  =  vC,  where  v is  the number 
of PR lesions per unit of competing DNA and C the competing DNA concen- 
tration,  v may or may not equal n depending on the relative radiation  doses 
delivered  to  the  transforming  and  competing  DNAs. 
(b)  For  any  one  particular  ultraviolet  dose  to  the  transforming  DNA 
(i.e.,  one particular value of n) a  definite level of recovery in photoreactivation 
corresponds  to  repair  of a  definite number  of PR  lesions  per  unit  of DNA. 
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FIGURE 4.  Dependence of recovery rate on concentration of irradiated  transforming 
DNA.  Log transforming activity plotted vs.  log illumination time.  Reaction mixtures 
contained 74 3,/ml A.S.YPRE and varying concentrations of UV Sr DNA.  Curve A, 
1/~ .y/mi UV Sr DNA; curve B, ~/~ "r/m-l; curve C, ~  7/mi; curve D, ~  "y/ml; curve E, 
~//ml; curve F, 1~ 3,/ml; curve G, 1 "y/ml; curve H, 2 ~/ml. Samples all diluted to 
same UV Sr DNA concentration for assay. Curves labeled with relative recovery rates 
r  measured  as  described  under  Methods.  Illumination  intensity in  this  experiment 
approximately one-half as great as in other experiments shown. 
The relative photoreactivation rate, r  (measured as described under Methods 
above)  is inversely proportional to the time required  to reach some specified 
level of recovery. Hence,  r  is  directly proportional  to  the  number  of lesions 
repaired  per  unit  of DNA  per  unit  of time,  giving  v  =  arD,  where a  is  an 
unknown  constant of proportionality.  When using only the beginning of the 
recovery curve to determine r,  v  will  evidently refer to  the rate  at  the  start 
of the reaction, but as shown in the Appendix,  this may also be true when a 
somewhat  larger  portion of the recovery curve is  employed. 
Substitution  into  the  above  relation  leads  to: 
1  a  E  K~ .C  1  1 
rD  --  nV  K,,,  -l- ~.j  ~  -q- p  (2) RUPERT  Kinetics of Photoenzymatic Repair of DNA  7zz 
This  predicts  that  a  plot of  1/rD vs.  1/D  (a  Lineweaver-Burk  plot  (17)) 
should  give  a  straight  line  whose  slope  and  intercept  are  both  inversely 
proportional to enzyme concentration E  (since  V  =  kvE). At a  fixed enzyme 
concentration, the slope should increase with the concentration of competitive 
inhibitor  (I  =  vC), but the intercept should remain unchanged.  For  a  non- 
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Fmum~ 6.  Lineweaver-Burk plots for  two sets  of reaction mixtures having different 
enzyme concentrations. Reaction mixtures contained UV  Sr  DNA  at  the  indicated 
concentrations and A.S. YPRE as follows:  Curve A, 147 7/ml.; curve B, 29.4 7/ml. 7I~  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  •  VOLUME  45  "  I962 
competitive inhibitor,  the slope and  intercept  should  both  increase  by  the 
same factor (12,  16). 
Comparison with Experiment--No Inhibition 
Fig. 4 shows recovery curves for eight reaction mixtures containing the same 
concentration of enzyme and different concentrations of UV  Sr  DNA  with 
no unmarked DNA present  (C  =  0).  Samples were all diluted to the same 
UV  Sr  DNA  concentration  for  assay.  Curves  of transforming  activity vs. 
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FIOURE 7.  Dependence of relative recovery rate on enzyme concentration at high and 
low concentrations of transforming DNA. Log relative recovery rate r plotted vs. log 
A.S. YPRE concentration. Lines  through data points drawn at 45 °. 
illumination time (presented on two different plots to avoid the confusion of 
overlapping)  are  labeled  with  the  relative  recovery  rates  determined  as 
described under Methods above.  In Fig. 5,  1/rD is plotted vs.  1/D for seven 
of the mixtures. The rate could not be determined for one.  The result is  a 
straight line as predicted. 
'Fhis result is confirmed by repeated similar experiments, the points showing 
no consistent departure from a straight line. 
Comparison with Experiment--Change  of Enzyme Concentration 
Fig. 6 shows Lineweaver-Burk plots for two sets of reaction mixtures in which 
the  enzyme  concentration  differs  by  a  factor  of  five.  The  corresponding 
intercepts differ by a  factor of 4.5.  For other  pairs  of reaction mixtures in 
which the enzyme concentrations differed by factors of 1.5,  2.0,  2.0,  2.0,  and Rm'ERT  Kinetics of Photoenzymatic Repair of DNA  713 
5.0, the intercepts differed by factors of 1.7, 2.2, 2.4, 2.1, and 5.9 respectively. 
The intercepts thus approximately follow the expected relation. 
The  limited  precision makes it more difficult to  be sure  about  the  slopes, 
and  a  less direct  test of the prediction  offers a  better basis for a  decision.  If 
these  Lineweaver-Burk  plots  are  really  straight  lines,  then  the  slope  and 
intercept  will  behave  as  predicted,  providing  r  is  proportional  to  enzyme 
concentration  for  at  least  two  different  values  of D,  bracketing  the  range 
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FIGURE 8.  Lineweaver-Burk plots showing competitive inhibition from unmarked DNA. 
Reaction mixtures contained UV Sr DNA at the indicated concentrations D, 6  3"/ml 
CaP  YPRE  and  unmarked  DNA  as  follows: Curve A  (diagonal crosses),  0.92  3"/ml 
unirradiated; curve A  (vertical crosses),  1.72  3"/ml unirradiated; curve B, 0.92  3"/ml 
irradiated; curve C,  1.72  3'/ml UV irradiated. Data for 1.72  3"/ml were  taken  1 day 
after data for 0.92 3'/ml with enzyme stock stored at -20°C in the meantime. 
covered by the experiments. Fig. 7 shows that this is true over at least a 20-fold 
range  of enzyme concentration  at  D  =  8  "r/ml  (up  to  the point where  the 
enzyme  preparation  begins  to  absorb  the  active  wavelengths)  and  over  at 
least  a  tenfold range  at D  =  ~0  ~,/ml.  Earlier  work showed that  this  was 
also true over at least a  fivefold range at D  ---  1 "r/ml  (7). 
At  sufficiently  low  DNA  concentrations  and  a  sufficiently  high  enzyme 
concentration,  the proportionality fails. Reasons for this failure, which occurs 
well outside the range of enzyme and DNA concentrations covered by Fig.  5, 
are considered in a  separate section of the paper. 714  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  •  VOLUME  45  "  I962 
Comparison with Experiment--Competitive  Inhibition 
Fig.  8,  curve A,  shows that the addition of unirradiated unmarked DNA  (p 
=  0) at two different concentrations (C) makes no change in the Lineweaver- 
Burk plot. This is expected because I  =  pC --- 0 in both cases. In curves B and 
C  this DNA has received the same ultraviolet dose as the transforming DNA 
(p  =  n), and the resulting inhibition increases the slope by an amount which 
now does depend on the competing DNA concentration. Within the precision 
of the experiment, the intercepts of all the curves are the same, a reflection of 
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FIGURE 9.  Lineweaver-Burk plots showing competitive inhibition from irradiated  E. 
coli DNA with  and  without  preliminary  photoreactivation  by YPRE.  1 "y/ml  E.  coli 
DNA, ultraviolet-irradiated  at  7000  ergs/mm  ~, mixed with  55 3'/ml A.S.  YPRE and 
preincubated  in the light or dark for 60 minutes at 36°C. Reaction mixtures made of 
aliquots mixed with ~  volume of UV Sr DNA, previously diluted to yield the indicated 
final concentrations D. 
the  fact  already illustrated  in  Fig.  2,  that  the  inhibition  vanishes  at  high 
concentrations of UV Sr DNA. 
Separate experiments show that increasing the product  pC by increasing p 
(increasing the  ultraviolet  dose  to  the  competing  DNA)  also  increases  the 
slope without changing the intercept. Conversely, decreasing u by preliminary 
photoreactivation of the competing DNA decreases the slope,  while leaving 
the intercept unchanged, as shown in Fig.  9. 
The competing DNA in the latter case was derived from E. coli. Hence, this 
experiment also shows that PR lesions of the type we have been studying in H. 
influenzae can be detected in vitro in the irradiated  DNA of another non-trans- 
forming species, and that they are susceptible to repair by YPRE. RUPERT  Kinetics of Photoenzymatic Repair of DNA  715 
Comparison with Experiment--Non-Competitive Inhibition 
Yeast PRE is inhibited by low concentrations of Ag  + (~-~10  -6 M) and of para- 
hydroxymercuribenzoate (PHMB).  Inactivation is  prevented  by  the  prior 
presence  of 2-mercaptoethanol  (2ME),  but  once  it  has  occurred  it  is  not 
reversed by large excesses of 2ME. This inhibition shows the characteristics of 
a  non-competitive inhibition as  seen in Fig.  10.  The intercept of the Line- 
weaver-Burk  plot  clearly  changes,  in  contrast  to  the  case  of  competitive 
inhibition illustrated in the previous section. The limited precision blurs the 
20 
-I 
I 
I 
E 
I0 
A 
0  0 
B 
0  I  !  1 
2  3  4 
liD  (ml/y) 
FIOURE I0.  Lineweaver-Burk  plots showing non-competitive inhibition from parahy- 
droxymercuribenzoate (PHMB). Reaction mixtures contained 1 volume of 214 3,/ml 
A.S. YPRE, treated with PHMB as described below, plus 2 volumes  UV Sr DNA diluted 
to give the indicated final  concentrations D. Curve A, enzyme treated with 2 X 10  -5 M 
PHMB (Sigma Chemical Co.) for I0 minutes at 37°C, and the reaction stopped with 5 
X 10  --2 u 2-mercaptoethanol (2ME) (Eastman Organic Chemicals). Curve B, enzyme 
similarly treated with same reagents, except that 2ME was mixed with PHMB before 
adding to the enzyme preparation to nullify the inhibitory power. 
precise  behavior  of  the  slope  as  it  did  in  the  case  of  changing  enzyme 
concentration. 
The predictions of the theory are apparently fulfilled within the precision 
of the experiments and over the range of concentrations shown. 
Failure of Michaelis-Menten Kinetics 
At sufficiently high ratios of enzyme to substrate, the rate r becomes inde- 
pendent of enzyme concentration as shown in Fig.  11,  in direct violation of 
equations  (2)  and  (3).  Either  this  is  some  artifact  (due,  for  example,  to 
substances in the enzyme preparation which interact with photoreactivabte 716  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  •  VOLUME  45  "  I962 
lesions  in  DNA  to  hinder  subsequent  action  of YPRE)  or  the  assumptions 
behind  these  equations  do  not  hold.  The  latter  would  be  expected  with  a 
sufficiently high  ratio  of enzyme  to  substrate,  since  in  that  case  the  molar 
concentration  of enzyme-substrate  complex  ES  is  not  negligible  compared 
with  the molar concentration of substrate  S,  an  assumption  which  underlies 
equation  (1)  (12,  16). 
If we make the approximation  E  >> ES instead  of S  >> ES in the conven- 
tional  derivation  of  equation  (I)  for  the  case  of  no  competitive  inhibitor 
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Fxcug~ 11. Dependence of recovery rate r on enzyme concentration in reaction mixtures 
containing 1/60 3'/ml UV Sr DNA.  The curve shown is computed from r  =  1/(0.76 + 
22/17,). Data points  represented by solid  and open circles taken on consecutive days, 
with enzyme stock stored at  -20°C in the meantime. Relative recovery rates on the 2 
days are referred to the same rate standard. 
present, we obtain an analogous expression with E  and S  interchanged : 
i/v  =  (l/k~s)  (1  +  K,./E). 
Substituting the relations S  =  nD and v  =  arD gives: 
r  =  k3n/(l  +  Km/E)a  (a) 
predicting  that  at  sufficiently  high  enzyme/substrate  ratios,  r  =  1/(A  + 
B/E),  A  and B  being constants.  The curve approximately fitting the data in 
Fig.  11  is the hyperbola r  =  1/(0.76  +  22/E). 
If E  >  S,  but not  >>S,  the  above derivation must  be modified.  Equation 
(3)  is  approximately  corrected in  this  case  by  adding  a  second  term  which 
becomes zero for  both  large  and  small  E  and  is  positive ill  between.  With 
imprecise data a  curve of this type could also be approximated by a  hyperbola RUPERT  Kinetics  o/ Photoenzymatic  Repair of DNA  717 
like equation (3). Hence, the point on Fig.  11 at which r becomes 50 per cent 
of rmax, (E =  30 7/ml) does not necessarily correspond tr E  =  K~, but should 
be of the same order of magnitude as this quantity. 
The results shown here permit the interpretation that the enzyme exceeds 
the substrate in concentration for the reaction mixtures in Fig.  11,  and that 
where the curve flattens out, E  >  K,~, with the majority of ultraviolet lesions 
being combined with enzyme (the "zone C" enzyme behavior of Straus and 
Goldstein (18)). Thus, even when Michaelis-Menten kinetics fail, the behavior 
is consistent with the Michaelis-Menten reaction scheme. 
Effects of Reaction Conditions 
The effects of several reaction conditions lend themselves to interpretation in 
terms of the supposed reaction mechanism. 
Decreasing  the  light  intensity  by  a  factor  of 2  at  constant  temperature 
increases both the intercept of the Lineweaver-Burk plot (presumably propor- 
tional to  1/ka)  and the slope (proportional to  (1  +  k2/ks)/kl)  by a  similar 
factor.  The plots qualitatively resemble Fig.  6.  This suggests that  k3 is de- 
pendent on light intensity, and that the corresponding reaction step represents 
photolysis of the enzyme-substrate complex with the formation of free enzyme 
and repaired DNA. If this interpretation is correct, the perceptible increase in 
slope as the light intensity decreases means that k2 is  not  <<ks. If the slope 
actually  changes  by  the same factor as  the  intercept  (which is  uncertain), 
then ks >> k~. 
Decreasing the temperature from 36 to 21.5°C increases both the slope and 
intercept by a  factor of about  1.7.  In view of the preceding experiment this 
indicates that the light-dependent step k 3 is temperature-sensitive with Q, 0 
1.4. This value is greater than would be expected for a purely photochemical 
reaction  (19)  and suggests that k3 may represent a  complex step,  including 
thermally activated dark processes along with the one activated by light. 
Addition  of  low  concentrations  of  (NH~)2SO4  to  the  reaction  mixture 
inhibits DNA repair, increasing the slope of the Lineweaver-Burk plot without 
appreciably changing its intercept.  With 0.11  ~  (NH4)2SO4  present, the in- 
crease in slope corresponds closely to that of curve B in Fig.  8.  Apparently 
this material can hinder formation of the enzyme-substrate complex (change 
rate constants kl and k2) without greatly affecting its subsequent rate of photo- 
lysis  (k3).  The two steps of the reaction can thus be manipulated separately. 
DISCUSSION 
The foregoing kinetic experiments support the conventional reaction scheme 
outlined in the Introduction, in which the enzyme combines with ultraviolet 
lesions of DNA  to  give a  complex which subsequently dissociates into free 
enzyme  and  repaired  DNA.  Such  a  conclusion  rests  upon  a  concordant 718  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  •  VOLUME  45  "  I96~ 
pattern of results, rather than upon any single experiment.  On the other hand, 
it shares a  general weakness of inferences from kinetic studies,  since different 
reaction schemes may give superficially similar kinetics.  This danger  is more 
serious when a limited range of reaction conditions is covered and the measure- 
ments have low precision,  as is the case here. 
As an  enzymatic  reaction,  photorecovery of DNA is  unusual  in requiring 
light  for its  occurrence.  The  kinetic  evidence presented  above suggests that 
this  light  causes  photolysis  of  the  enzyme-substrate  complex  yielding  free 
enzyme and  product.  Direct evidence for this  conclusion is provided  by the 
existence of an enzyme-substrate complex, stable in the dark and dissociated 
in the light, which is treated in the succeeding paper. 
The reaction is also unusual  for the very low concentration  of substrate in 
the reaction mixtures studied.  We do not know this concentration  accurately 
but can set upper and lower limits for it, as follows: The DNA in most of the 
reaction mixtures was present at 1 3,/ml, giving a solution 3  X  10  -° M in DNA 
nucleotides.  It was irradiated  at  3500  ergs/mm 2 incident  254 m~ radiation 
(corresponding to about  1 photon absorbed per DNA nucleotide).  The gross 
properties of DNA are not altered until doses some orders of magnitude above 
this  are  employed  (20).  Both  from  this  consideration  and  from  quantum 
yields  for  photolysis of nucleic  acid  components  (21)  it  seems  unlikely  that 
more than  ~-~1/~00 of the nucleotides are involved in  photoreactivable  lesions 
at  these  doses,  placing  the  upper  limit  of substrate  concentration  around 
10 -8 M in most of the cases shown (and about 5  X  10  -1° M in Fig.  11). A lower 
limit is set by the fact that at least several lesions must occur per DNA molecule 
at  our  ultraviolet  doses  (7).  For  reaction  mixtures  containing  1  ,y/ml  UV 
DNA  (molecular weight  1.6  X  107 (22)),  exposed to 3500 ergs/mm 2 254 m/~ 
radiation,  this requires that the substrate concentration  be greater than  10  -l° 
M. 
These  estimates  of concentrations  add  plausibility to  the  assumption  that 
the  enzyme  exceeds  the  substrate  in  molar  concentration  for  most  of  the 
mixtures shown in Fig.  11. 
If the above estimate is correct, little relation exists between the gross prop- 
erties of our present reaction mixtures and those of the reacting system. Know- 
ing that the concentration of enzyme is less than that of the PR lesions (since 
Michaelis-Menten  kinetics  apply),  knowing  the  protein  content  of the  en- 
zyme  preparations,  and  assuming  that  the  molecular  weight  of  PRE  lies 
somewhere  between  104 and  10 ~,  we can  estimate  that  a  purification  of at 
least  105 would be required  to produce pure  PRE from the crude yeast ex- 
tract.  This  is  to  be compared  with the maximum  of  ~-~100-fold  purification 
achieved so far  (7). 
The method of rate measurement  used in this work is open to criticism on 
at least two counts: RUPERT  Kinetics of Photoenzymatic Repair of DNA  7x9 
(1)  It seems inconsistent with the conclusions drawn from it.  If Michaelis- 
Menten kinetics apply, as concluded above, then the relative times required 
to reach  some selected recovery level in different reaction mixtures should 
not always be independent of the recovery  level chosen for the comparison. 
Hence, one should not expect all recovery curves to be parallel and superim- 
posable on a  log-time plot, although experimentally this is true, to at least a 
good approximation. 
(2) The concentration of substrate  (and therefore the reaction velocity) is 
changing throughout the  reaction.  Since  for  reasonable  precision  a  rather 
large portion of the recovery curve is used to determine the recovery rate, it 
is not clear that the rates determined always relate to the concentrations and 
reaction velocities at the start of the reaction.  These tedious points are both 
considered in the Appendix in which it is concluded that they do not invalidate 
the results at the level of precision applying here. 
Photoreactivable  ultraviolet  lesions  constitute  the  principal  biologically 
effective damage produced in transforming DNA by 254 m# radiation.  The 
effect of at least 90 per cent of the ultraviolet dose on transforming activity is 
removable by in vitro photoreactivation of DNA (7) which has been irradiated 
either before or after its extraction from cells (5,  23).  This strongly suggests 
that  PR lesions also  constitute an  important part  of ultraviolet damage to 
the intact cells. 
In the competitive inhibition phenomenon these lesions achieve the status 
of a  recognizable  chemical species,  capable  of detection without regard  to 
biological activity in the molecule carrying them. It is consequently possible 
to observe them in DNA from non-transformable species  (as in Fig.  9)  and 
in transforming DNA whose activity has  been impaired by treatment with 
chemical reagents, opening up several new possibilities in the study of biologi- 
cal effects of ultraviolet radiation: (a)  We can measure the relative numbers 
of PR lesions in DNA extracted from any irradiated intact cells, correlating 
the presence of the lesions with observed ultraviolet effects. This has already 
been done during photoreactivation of E.  coli  B/r,  where it was found that 
the  lesions  appearing  upon  cellular  irradiation  disappear  during  in  vivo 
photorecovery (11);  (b)  we  can  examine the conditions  (pH,  temperature, 
etc.) under which PR lesions will form in natural or synthetic polynucleotides 
exposed  to  ultraviolet  radiation;  or  (c)  we  can  study  their  rudimentary 
chemistry by testing for their presence or  absence in irradiated  DNA  after 
exposing  it  to  various  reagents.  These  investigations  will  be  reported  in 
separate papers. 
It should be noted that the crucial test for the presence of PR lesions in 
competitive inhibition  experiments  is  not  simply  the  inhibition  itself,  but 
rather its disappearance when the competing material is  treated with PRE 
in  the  light  (compared  with  its  stability  when  the  competing material  is 720  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  • VOLUME  45  "  ~9  6~ 
similarly  treated in the dark). It is this  behavior which shows that  the inhi- 
biting entity  is susceptible  to action  of the photoenzyme,  and hence is pre- 
sumably like  the photoreactivable lesion  of  transforming DNA. 
It should be possible  to deduce relative  concentrations of PR lesions  and 
relative  magnitudes of  rate  constants  from photoreactivation data,  using the 
theory developed above, but it would be reassuring,  before  relying on such 
numbers, to see a theoretically  expected numerical measurement verified. 
If we  designate the slope of a Lineweaver-Burk  plot in the absence of 
competitive inhibition  by ~0,  the  slope  in  the  presence of  competing irradiated 
DNA  by ~, and the  common intercept  by i,  equation (2) states  that ¢r  -  ~0  _ 
iC 
K~ v  In  the  experiments of  Fig.  8,  both  the  competing and transforming DNA 
K~  n" 
are obtained from H. influenzae,  their  only difference  being the presence or 
absence of a genetic  marker affecting  a small fraction  of the total  structure. 
Hence, the lesions  must be of  the same kind, and K~ =  K+ These essentially 
identical  DNAs  have both received the same ultraviolet  dose,  so that v =  n. 
Therefore, equation (1) predicts ~ -  ~0  _  I. Values calculated from Fig. 8 
iC 
give 1.04  using curves A  and B, and 1.3 using curves A  and C. Other inde- 
pendent determinations in  similar  experiments give  1.03,  1.25,  1.05,  and 1.45, 
averaging I.  18.  The variation  is  probably indicative  of  the precision  available 
from  such  measurements.  While  this analytical method  is best suited to 
qualitative or semiquantitative experiments, relative numerical  measurements 
of low precision are apparently possible. 
The  work described  in  the  present  paper  utilized  the  PRE  from  bakers' 
yeast.  The original  PRE from E.  coli B  (6)  does not fit into  the same kinetic 
picture.  The recovery curves react in a  more complex way to changes in cell 
extract concentration,  and we have been unable to show competitive inhibi- 
tion from irradiated unmarked DNA, under conditions in which it is strikingly 
displayed with yeast PRE.  Earlier work with the E. coli system indicated that 
at least two components were involved here,  one dialyzable and  heat-stable 
and the other non-dialyzable and heat-labile,  and suggested that the dialyza- 
ble  component  was  used  up  in  the  reaction.  While  these  experiments  are 
readily repeated,  subsequent work has  shown that  there is no stoichiometric 
relation between the amount of dialyzable component present and the amount 
of DNA which can be repaired  (10).  We have been unable to purify this E. 
coli system significantly because of the nuclease activity which develops in all 
fractions after slight purification,  and it is possible that interfering  substances 
in  the crude cell extract  are responsible for the complex behavior observed. 
At  the  moment  we can  only say that  although  the  E.  coli  PRE  apparently 
repairs the same kind of damage as yeast PRE (7), its manner of action is not 
understood. RUPERT  Kinetics of Photoenzymatic Repair of DNA  7  ~, I 
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APPENDIX 
We  first  consider  the  validity  of the  rate  measurement  method  when  Michaelis- 
Menten kinetics hold. 
The  integrated  Michaelis-Menten  equation  (12,  16)  (Henri's  equation)  can  be 
written 
t  -- fnD  -- K,~ln (1  --f) 
V 
(4) 
where f  is the fraction of the PR lesions originally present which have been repaired 
at time t,  and  V is the maximum reaction velocity in the presence of excess substrate 
as above. 
For  reaction  mixtures  containing  the  same  concentration  of transforming  DNA 
treated with the same ultraviolet dose  (i.e., same value of nD),  but different enzyme 
concentrations,  no  problem arises.  The  time required  to reach  any chosen  level  of 
recovery (any chosen value of f)  will  be inversely proportional  to  V,  and  since  the 
initial  reaction  velocity at  the  start  of the  experiment,  is  given  by  v0  =  V/(1  + 
Km/nD),  this  time should  also  be  inversely proportional  to  v0 regardless  of the  re- 
covery level at which the comparison is made. Recovery curves in this ease should be 
parallel on a  log-time plot, as found experimentally (7),  and the distances by which 
they must be translated in order to be superimposed reflect the relative initial reaction 
velocities v0. 
According to equation  (4)  this would not in general be true for reaction mixtures 
having  the  same  enzyme  concentration  and  different  concentrations  of irradiated 
DNA. The conditions under which it might be approximately true can be determined. 
Equation  (4)  is  rewritten  (by adding  and  subtracting fnD/vo  on  the  right  hand 
side'n°tingthatK"-nD(1--V)  "andrearranging)  vo 
(5) 
where,(f)  =  --I ln(l-f)f  +ll.  Ifwehavetwodifferentreactionmixtures,  a 
and  b,  containing  transforming DNA concentrations Da and Db  (both  irradiated  at 
the same ultraviolet dose so that n is the same for each)  and enzyme concentrations 
which  give  maximum  reaction  velocities  Va  and  Vb,  the  relative  recovery  rates 
measured  as  described  under  Methods  will  stand  in  the  ratio 722  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  - VOLUME  45  •  1962 
Hence, 
with 
r.  tb  Dbvo~I  1 + (1 --~)cI'(f)  1 
raD~  __  voa~  (6) 
rb Db  Vob 
1 +  (1  -  v0dVb)¢(f) 
1  +  (1  -  voo/vo)¢(f)  " 
The product rD will thus be proportional to v0, the reaction velocity at the start, and 
our analytical method will be valid when f] ~  1. 
This will be so under the following conditions: 
(1)  fl  =  1 when v~  _  vob 
V~  Vb" 
Conditions under which this is so can be determined from a  Lineweaver-Burk plot, 
since vo/V should be  the ratio  of the  intercept  on the  1/rD  axis to the ordinate  at 
the DNA concentration employed. This covers the case mentioned above of reaction 
mixtures with  the  same  concentration of transforming DNA,  but different  concen- 
trations of enzyme. It also covers the  case of the enzyme saturated with substrate in 
both  reaction  mixtures,  since  then 
vo~/Vo  =  vOb/Vb  =  1. 
(2)  ~2  =  1 whenever vo~/Va and Vob/Vb are both <<1. 
(3)  t2  =  1 whenever f  is sufficiently small (whenever a  small enough 
portion of the recovery curve is used), since ¢  (f) -~ 0 as f  ~  O. 
These conditions obviously reinforce each other; e.g.,  whenever vo~/Va ~  Vob/Vb, 
a  higher value of f  can be tolerated than when this  approximate equality does not 
V0  hold. For the set of reaction mixtures appearing oncurve A of Fig. 8, ~  varies between 
about 0.7  and  1.  In the most unfavorable pairing  of these  possible,  f~  <  1.2  for f 
<  0.7. This would mean no more than a 20 per cent error in relative reaction veloci- 
ties if one used only those portions of the recovery curves corresponding to f  --  0.7. 
Using the entire curve up to and including this region would, of course, give a lower 
error since the earlier  portions of the curve would tend  to reduce the weighting of 
the later portions to which the error is due. 
We  do  not know  precisely what  level  of recovery corresponds  to  repair  of any RUPERT  Kinetics of Photoenzymatic Repair of DNA  723 
specified fraction of the lesions in a  given case, although Fig.  3  suggests that a  con- 
siderable fraction of the lesions must be repaired before significant recovery of bio- 
logical activity occurs. From this point of view the data of Fig. 4 seem inappropriate 
for reaction rate measurements, since they extend to rather high recovery levels, and 
hence to high values off. However, in Fig. 8 pains were taken to keep the recovery 
levels  much  lower,  and  no  clear  difference is  evident  in  the  results.  In  practice, 
whenever the recovery curves being compared are parallel on a  log-time plot,  and 
all  of them  include  some  points  corresponding to  low  levels  of recovery, it  seems 
reasonable to presume that f~ is sufficiently near 1 for this measurement. In such cases 
the  same  relative rates  are  being  indicated  at  both  low  and  high  recovery levels 
within the precision permitted by the data. 
The case in which a competing DNA is present requires only qualitative modifica- 
tion of the foregoing discussion. If the competing PR lesions are repaired as readily as 
those on transforming DNA,  then the fraction of the lesions on transforming DNA 
which have been repaired at any time will be the same as the fraction of the total 
lesions in the reaction mixture (competing lesions  -t-  lesions on transforming DNA) 
which have been repaired. We may, therefore, consider f  in equation (4) to be either 
the fraction repaired  on the  transforming DNA  (which  determines the level of re- 
covery observed) or the fraction of the total original substrate present (which affects 
the course of the kinetics) and equation (6) still applies. 
The effect of adding unlabeled substrate  in the form of competing PR lesions is 
simply to make vo/V more nearly equal to 1 in each mixture. Except for the case in 
which v~/V~, and vob/Vb <<1  before the addition, the addition of similar amounts of 
competing lesions to each mixture makes  f~ nearer unity.  This should  be so for all 
the experiments shown in  this paper. 
As  the reaction proceeds and  the concentration of substrate  diminishes,  a  point 
will be reached at which Michaelis-Menten kinetics no longer apply, and the above 
discussion  becomes inapplicable.  It  should  not  apply at  all  in  Fig.  11.  A  general 
treatment  under  these  conditions  is  complicated,  but  for  the  limiting  case  near 
maximum recovery, as well as in Fig.  11,  the time required to repair any specified 
fraction of the lesions is found from equation (3) as t  =nD__ In 1/(1 --f). When this is 
v0 
used in place of equation (5) it is readily seen that our procedure should give correct 
relative values of v0. This result justifies use of the measurement procedure for Fig.  11, 
and it suggests that  there is  no  tendency to  give grossly incorrect relative values as 
the recovery approaches maximum. 
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